On-line studies of the structural development during continuous drawing of a polypropylene ®ber were carried out using synchrotron wide-angle X-ray diffraction. A unique image analysis method was introduced to extract quantitative information on the crystal, amorphous and mesomorphic fractions. In addition, the unit-cell parameters and the crystal orientation were obtained under various draw conditions. It was found that the mesophase remained about constant during drawing. At draw ratios less than 6.0, the crystallinity increased and the crystal density decreased as a result of the stress-induced crystallization of crystals with a large degree of disordering. At draw ratios above 6.0, the crystallinity increased slowly and the decrease in crystal density was also retarded because of the draw-induced melting. The crystal orientation increased with increasing draw ratio up to a ratio of 6.0 and then decreased, probably because of chain breakage.
Introduction
Small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) are routine methods for characterizing the structure and morphology of oriented polymers such as ®bers and ®lms (Statton, 1964; Glatter & Kratky, 1982; BaltaCalleja & Vonk, 1989; Alexander, 1969) . A proper study of SAXS and WAXD during ®ber drawing requires the use of a two-dimensional detector system (Mills et al., 1985) so that the structural information on the anisotropic nature of the system can be extracted from the two-dimensional patterns.
The coexistence of both sharp and diffuse diffraction features in a WAXD pattern is usually considered as evidence for the two-phase morphology, which consists of perfect crystalline domains interspersed with random amorphous regions. However, this simpli®ed view cannot be used to explain several recent experimental observations of polymer ®bers (Androsch et al., 1999; Androsch & Wunderlich, 1998; Wunderlich, 1997) . These ®ndings suggest that the ®ber structure should include an intermediate`phase' between the crystalline and amorphous fractions, which may arise from lattice dislocations of one-or two-dimensional ordering in the crystal phase or the oriented amorphous chains. Thus the intermediate phase (mesophase) represents a state of order between the zero long-range ordering (amorphous state) and the three-dimensional crystalline ordering. The mesophase has been reported in many polymer ®bers, such as polypropylene, Kevlar and nylon 66. It is thought that the nature of the mesophase can affect the macroscopic mechanical properties, at least in polypropylene (Phillips & Wolkowicz, 1996) , and is, therefore, of practical importance. The mesophase in isotactic polypropylene (iPP) was pointed out ®rst by Natta et al. in 1959 (Bruckner et al., 1991 and has been studied extensively since then (Hendra et al., 1984; Corradini et al., 1986 Corradini et al., , 1989 . However, no effective method that is able to extract quantitative information on the mesophase exists. In this study, we introduce a unique image analysis method to extract structural and morphological information from the two-dimensional WAXD patterns, using iPP as a model system. The fractions of crystal, mesomorphic and amorphous phases as well as other structural parameters can be obtained from this analysis, which is also applicable to other polymeric ®bers.
Experimental
The polypropylene ®ber was produced from a commercial Ziegler±Natta resin with M w of $3.25 Â 10 5 g mol À1 and M w /M n of $5.6. This ®ber contained an organic blue pigment, which also acted as a nucleating agent.
Synchrotron measurements were carried out at the State University of New York (SUNY) X3A2 beamline in the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The wavelength used was 1.544 A Ê . A three-pinhole collimator system (Chu et al., 1994) was used to reduce the beam size to 0.6 mm in diameter. The two-dimensional detector for WAXD measurements was a Mar CCD X-ray detector (Mar, USA). The distance between J. Appl. Cryst. (2000) . 33, 1031±1036 the sample and the detector was 114.5 mm. The detector was calibrated by using a Lupolen standard. The collection time for each image was 2 min.
In this study, a continuous ®ber-draw apparatus was used (Fig. 1) . This industrial prototype draw apparatus was designed originally by A. D. Kennedy (DuPont), modi®ed by us and constructed by Hills Inc. (W. Melbourne, Florida). The feeding speed was kept at 3 m min
À1
, while the drawing speed was continuously adjusted to achieve the desired draw ratio. The ®ber was heated by two hot-pins, located at 23 mm above the X-ray incident-beam position on the ®ber. The temperature of the hot-pins was set at 403 K. The sample temperature was expected to be 5±20 K lower than the temperature of the hot-pins. three strong peaks located on the equator are indexed as the 110, 040 and 130 re¯ections, respectively. It should be mentioned that there were two additional small peaks near the beam stop on the equator, which were caused by the re¯ec-tions from the organic blue pigment in the ®ber and were removed during the analysis. These WAXD patterns have been corrected for beam¯uctuations and air scattering.
Data analysis

Unit-cell parameters
In relation to any crystal lattice in real space, we can construct a reciprocal-lattice unit cell in reciprocal space from the WAXD pattern. General equations relating the dimensions of the real-and the reciprocal-space crystal unit cell are (Alexander, 1969) :
where a, b, c, , and are the unit-cell lengths and angles in real space, and a*, b* and c* are the reciprocal-lattice vectors directly determined from the two-dimensional WAXD pattern. V is the volume of the unit cell in real space. The unitcell parameters (a, b, c, , and ) can be obtained from the positions of the re¯ections in WAXD patterns by using the above equation (Alexander, 1969) . For multiple re¯ections superimposed on the same position, equal-weight fractions can be assigned for each re¯ection during the least-squares regression ®tting, which has been demonstrated in a ®ber draw study of nylon 66 (Hsiao et al., 1997) .
Crystal orientation
If we consider only the crystal phase, the orientation factor can be de®ned as the relationship of some crystallographic direction to an external reference frame. In this study the drawing direction is de®ned as the reference direction. Although X-ray patterns under special conditions can also reveal orientation of the amorphous phase (Alexander & Michalik, 1959) , this application is not consistent and often leads to erroneous values.
Orientation of the c axis (®ber axis) in crystalline polymers can be measured rather precisely using the WAXD method if there is a plane of symmetry perpendicular to this axis, such as the (00l) planes (Wilchinsky, 1960) . If this plane of symmetry is absent, as in the case of monoclinic polypropylene, it may be possible to use other planes. For example, in iPP, the (040) or (110) plane can be used for the calculation. For a set of (hkl) planes, the orientation factor, expressed as hcos 2 9i Av , can be calculated mathematically using
where 9 is the azimuthal angle and I(9) is the scattered intensity at 9. The orientation parameter hcos 2 9i Av has the value unity when all the crystals are oriented with their c axes parallel to the reference direction, and a value zero when all the c axes are perpendicular to the reference direction. Some people use hP()i, the Herman orientation function, to describe the degree of orientation:
where hP()i has a value of unity when all the crystals are oriented with their c axes parallel to the reference direction, a value À0.5 when all the c axes are perpendicular to the reference direction, and a value zero when there is random orientation in the sample.
Fractions of crystal, mesomorphic and amorphous phases
For the drawn ®ber, the two-dimensional WAXD pattern after being corrected for the background and air scattering can be deconvoluted into two fractions: the isotropic and anisotropic parts. The isotropic part includes the amorphous phase and the Compton scattering from the chemical structure; the latter is small and may be ignored. The isotropic fraction A iso (s) can be obtained using the`halo' method: starting from the center of the diffraction origin, an azimuthal scan is drawn along the angular axes (2). At each angular pixel position, a minimum diffraction intensity value is obtained from the azimuthal scan, eventually yielding the intensity envelope of the isotropic fractions as one moves along the angular axis. The anisotropic contribution in WAXD consists of a crystal phase and a mesophase. The deconvolution of the anisotropic fraction A an (s, 9) is based on
where A is the total scattering and s = 2 sin /! is the magnitude of the scattering vector, with 2 being the scattering angle. The anisotropic fraction can be further deconvoluted into mesomorphic and crystal fractions by using the method of two-dimensional peak ®tting. Assuming that both the crystal phase and the mesophase can be described by a two-dimensional function (Gaussian, Lorentzian, Pearson VII or pseudoVoight), the generalized expression for each two-dimensional function becomes:
for the Gaussian case;
for the Lorentzian case;
for the Pearson VII case;
f gGaussian 1 À gLorentzian 8 for the pseudo-Voight case. The subscript`0' represents the peak position, 3 is the full width at half-maximum, h represents the height of the peak, n is a constant which is between 6 and 25, and g is the Gaussian fraction of the pattern. In the polar coordinate system, the following relations exist: x = J. Appl. Cryst. (2000) . 33, 1031±1036 r sin 9 and y = r cos 9. The widths along the r axis and the 9 axis are related to the size and orientation information of each re¯ection, respectively. A unique software package has been developed by us to extract quantitative information on the fractions of crystalline, amorphous and mesomorphic phases from the two-dimensional diffraction pattern. Fig. 3 shows the procedures used in this image analysis approach.
Results and discussion
For polypropylene, four strong peaks can be distinguished in WAXD patterns: 110, 040, 130 and 131 Å . If we assume that the unit-cell lattice angles , and remain constant, then the unit-cell parameters a, b and c can be obtained with a good con®dence level using the positions of the four re¯ections. The unit-cell parameters determined from the two-dimensional WAXD patterns are summarized in Table 1 and shown in Fig.  4 as a function of the draw ratio. The effect of drawing on the unit-cell size was subtle but real. The change in a was found to be very small and could almost be regarded as constant. In contrast, b and c showed an increase with increasing draw ratio. When the experimental points were ®tted by linear regression, it was found that b increased the fastest, by about 2.8%. The standard uncertainty was very small for the ®tting. So this change could be signi®cant. Considering the model of a polypropylene unit cell (Phillips & Wolkowicz, 1996) , the density of the unit cell can be calculated from the above unitcell parameters (shown in Fig. 5 ). It was found that the crystal density decreased with increasing draw ratio, indicating a substantial loss of crystal perfection within the crystals by drawing. However, this decrease was not linear with the draw ratio. It was rapid at the beginning of the drawing, but slowed down at the later stages of drawing. Fig. 6 shows the crystal orientation of the iPP ®ber during drawing. The orientation of the crystal was very small in the original ®ber. Upon drawing, the orientation factor increased rapidly with increasing draw ratio during the initial stage. This behavior can be explained by the following reasoning. When a polymer is subjected to mechanical deformation by means of drawing, the chains usually align themselves parallel to the direction of deformation. This can lead to an increase in crystal orientation. When the draw ratio was higher than 6.0, the case was quite different. The orientation was found to decrease. This ®nding may be explained as follows. Some chains may be broken when the draw ratio is extreme, which can result in a decrease in the crystal orientation. It should be noted that the overall orientation was not very high even when the draw ratio was high, probably as a result of the high draw temperature used. Fig. 7 shows the variation of the fractions of crystal, mesomorphic and amorphous phases during the ®ber deformation. The crystallinity was fairly small in the original ®bers. When the ®ber was drawn, it was seen Image analysis method to deconvolute the crystal, mesomorphic and amorphous fractions, using that the crystallinity increased continuously and the fraction of amorphous phase decreased, indicating that drawing induced crystallization. The mesophase was found also to increase slightly. The small change in the mesophase fraction indicates that this phase may not be directly subject to the mechanical deformation. The mesophase is disordered when compared with the crystal structure (Corradini et al., 1986 (Corradini et al., , 1989 , but it still has one-or two-dimensional order(s). The mesophase is not a stable phase (it is metastable), which may not be easily transformed directly from the amorphous chains at high temperature. The detailed nature of this disorder is not yet fully understood. With the applied method, we are now able to extract the mass fraction of the mesophase from the diffraction pattern for the ®rst time.
In summary, the chosen iPP ®ber possesses a low degree of crystallinity and a low value of crystal orientation. When drawing begins, stress-induced crystallization occurs and the crystallinity is increased. Meanwhile, the crystal orientation is also increased. When the draw ratio exceeds 6.0, the increase in crystallinity becomes retarded. At this point it appears that drawing promotes both the processes of crystallization of new species and the melting of existing crystallites. The effect of melting becomes dominant when the draw ratio is high, even though the melting of small defective crystals should increase the crystal density. As a result, the decrease in the crystal density becomes small when the draw ratio exceeds 6.0. The crystal density may eventually increase again when the draw ratio is high enough. Because of the high draw temperature chosen, the orientation could not reach a very high level and the mesophase remained about constant with the increasing draw ratio.
Conclusion
On-line studies of the structural development during continuous drawing of an isotactic polypropylene ®ber were carried out using synchrotron WAXD. We introduced a new image analysis method to extract quantitatively the fractions of the crystal, amorphous and mesomorphic phases. This analysis method can be used for all polymer ®bers that contain multiple phases. We found that the mesophase remained about constant during drawing, probably as a result of the high Crystal density as a function of draw ratio.
Figure 6
Crystal orientation factors at different values of draw ratio. temperature chosen. At draw ratios less than 6.0, the crystallinity was found to increase while the crystal density decreased as a result of stress-induced crystallization of crystals with a large degree of disordering. At draw ratios larger than 6.0, draw-induced melting became predominant. At this stage, the crystallinity was found to increase slowly and the decrease in crystal density was also retarded. The crystal orientation increased with increasing draw ratio up to a ratio of 6.0 and then decreased, probably because of chain breakage.
